The In-mediated allylation of carbonyl compounds can be performed in various types of solvents including ionic liquids. However, we have found that in [bmim] [BF 4 ] (where bmim = 1-butyl-3-methylimidazolium), the In-mediated coupling of crotyl bromide with benzaldehyde gives a complex mixture, and some additives, such as halides and amines, are crucial for the successful conversion to the corresponding γ-adduct. Instead, the addition of alcohols or water promotes the formation of the α-adduct. An asymmetric induction with up to 62% enantiomeric excess (ee) was observed employing cinchonidine as an additive in a binary solvent consisting of an ionic liquid and dichloromethane.
Introduction
Indium-mediated allylations of carbonyl compounds have been extensively studied during the last two decades [1] [2] [3] [4] . Allylindium reagents are prepared from metallic indium and allylic halides in a broad range of solvents, including water, and can be used in the Barbier-type allylation of carbonyl compounds. We previously reported the allylation of carbonyl compounds with catalytic amounts of indium(III) trichloride and stoichiometric amounts of aluminum (0) in aqueous tetrahydrofuran [5] . This method provides an easy access to reactions of allylic indium reagents and employs reduced quantities of the relatively expensive indium metal. However, this catalytic allylation proceeds slowly and a couple of days are needed to complete the reaction. More recently, we reported a catalytic variation in a binary solvent system constituted of water and an ionic liquid [6] .
Ionic liquids have emerged as recyclable solvents in organic synthesis, and their electrochemical properties have also received attention. The preparation of organometallic compounds in ionic liquids has also been of interest. Grignard reagents, however, have not been prepared in ordinary ionic liquids, and a chelating group such as an ether functionality is required in the ionic liquids to stabilize the Grignard reagents [7, 8] . The preparation of allylic indium reagents and their reactions with aldehydes [9] [10] [11] [12] or imines [13] in ionic liquids have been reported, where the corresponding homoallylic alcohols or homoallylic amines have been obtained in high yields. Noteworthy, the use of ionic liquids possessing chelating units is not required for promoting allylation when allylic indium reagents are involved. Herein, we report that, in contrast to previous results, there are limitations in using ionic liquids for preparing allylic indium reagents, and special additives, including halides, are required in the crotylation of aldehydes depending on the nature of the ionic liquid employed. 
Results and Discussion

Allylation
We began screening a wide range of ionic liquids to perform the Barbier-type In-mediated allylation. Thus, when allyl bromide and benzaldehyde were mixed with indium powder in [bmim] [BF 4 ] (where bmim = 1-butyl-3-methylimidazolium), the corresponding homoallylic alcohol 1 was obtained in good yield and in a shorter time (5 h) than that previously reported [10] (entry 1, Table 1 including halides, are required in the crotylation of aldehydes depending on the nature of the ionic liquid employed.
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We then turned our attention to the crotylation of benzaldehyde. 4 ], which had proved advantageous in the above reactions (Tables 1 and 2 ), gave a complicated mixture when used for the coupling of crotyl bromide and benzaldehyde. The 1 H-NMR spectrum of the crude mixture is shown in Figure 1a . As the crotylation in [bmim][BF 4 ] had previously been successful [10] , the above result suggests that there are problems associated with the source of the ionic liquid employed. We anticipated that the difference may be caused by some type of impurity present in the ionic liquid, such as [bmim] [X] the precursor of [bmim] [BF 4 ], which presumably plays an essential role in the allylation of aldehydes as it does in the allylation of imines [13] . 
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Intramolecular Auxiliary
As pyridine proved to function as a good promoter, we next employed 2-and 3-pyridinecarboxaldehydes instead of benzaldehyde as substrates of the crotylation reaction in the absence of additives in order to assess the influence of intramolecular interactions between the pyridyl and carbonyl groups (Scheme 2). Although both aldehydes gave the corresponding homoallylic alcohols 4 and 5, 2-pyridinecarboxaldehyde gave a higher yield of the corresponding product than the reaction performed with the 3-pyridinyl isomer. This result suggests that the ring nitrogen atom adjacent to the carbonyl group not only stabilizes the crotylindium reagent and derivatives thereof in [bmim] [BF 4 ] but also helps the rapid transformation by intramolecular chelation [19, 20] .
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Chiral Auxiliary
The importance of intra-and intermolecular chelating groups to promote a clean crotylation prompted us to examine an asymmetric version of the present reaction. We anticipated that an asymmetric induction would function well with a judicious choice of chiral additives due to their critical role in promoting the allylation in Table 1 ), and a neglectable ee was observed (entry 1, Table 5 ). We then examined the reaction at low temperature, where the ionic liquid needed to be diluted with an organic solvent due to its high viscosity, and thus, CH2Cl2 was chosen due to its weakly coordinating character. The reaction in the binary solvent gave a good yield at room temperature with a moderate ee (entry 2), while at −78 °C both the yield and ee remarkably decreased (entry 3). At 40 °C, a somewhat higher ee was observed (entry 4). Because cinchonidine is poorly soluble in [bmim] [BF4], its benzyl ammonium salt was next employed in the reaction (entry 5). This salt completely dissolved and the reaction quickly proceeded, albeit the ee significantly decreased. The reaction in [bpy] [BF4] showed a similar tendency to that found in [bmim] [BF4]; the ee value decreased at low temperature (entries 6 and 7). The reaction in a mixture of [bmim] [OTf] and CH2Cl2 also perceived an improvement both in yield and ee, while the opposite phenomena to that found in [bmim] [BF4] was observed at low temperature, and the ee increased as a result of lowering the temperature (entries 8-11). 
The importance of intra-and intermolecular chelating groups to promote a clean crotylation prompted us to examine an asymmetric version of the present reaction. We anticipated that an asymmetric induction would function well with a judicious choice of chiral additives due to their critical role in promoting the allylation in [bmim] [BF 4 ]. As the use of cinchonidine had been reported by Loh and co-workers as a suitable chiral auxiliary for the asymmetric addition of allylindium reagents to aldehydes [21] , we set to investigate the effect of cinchonidine on the allylation of benzaldehyde in Table 1 ), and a neglectable ee was observed (entry 1, Table 5 ). We then examined the reaction at low temperature, where the ionic liquid needed to be diluted with an organic solvent due to its high viscosity, and thus, CH 2 Cl 2 was chosen due to its weakly coordinating character. The reaction in the binary solvent gave a good yield at room temperature with a moderate ee (entry 2), while at −78 • C both the yield and ee remarkably decreased (entry 3). At 40 • C, a somewhat higher ee was observed (entry 4 4 ] was observed at low temperature, and the ee increased as a result of lowering the temperature (entries 8-11). Table 5 . Asymmetric indium-mediated allylation of benzaldehyde using cinchonidine a .
Intramolecular Auxiliary
Chiral Auxiliary
Materials and Methods
Analysis
1 H-NMR spectra were recorded on a Varian Mercury spectrometer (300 MHz). Please see the 1 H-NMR of compounds 1-5 in Supplementary Materials. The optical purities of the products were measured by HPLC (Daicel Chiralcel OD-H column). 1-Phenyl-3-buten-1-ol: hexane/i-PrOH = 98:2, flow rate 1.0 mL min −1 , t R = 17.5 min (R)-enantiomer, t R = 20.9 min (S)-enantiomer [22] . 2-Methyl-1-phenylbut-3-en-1-ol: hexanes/i-PrOH = 99:1, 0.5 mL min −1 , t R (S,S; anti) = 29.9 min, t R (S,R; syn) = 32.2 min, t R (R,R; anti) = 34.2 min, t R (R,S; syn) = 35.5 min [23] .
Ionic liquids and indium metal were purchased from commercial sources and used as received. N-Benzylcinchonidium bromide was prepared according to the literature [24] . Allylic bromides and aldehydes were distilled just before use. All reactions were carried out under argon.
General Procedure for the Allylation of Benzaldehyde in Ionic Liquids
A mixture of allyl bromide (138 µL, 1.6 mmol), benzaldehyde (102 µL, 1.0 mmol), and indium (115 mg, 1.0 mmol) was stirred in ionic liquid (1.0 mL) at room temperature for 5 h. Water was added to the reaction mixture and the product was extracted with diethyl ether. The extracts were purified by short column chromatography on silica gel. The yield of 1-phenyl-3-buten-1-ol (1) was determined by 1 H NMR analysis using 1,3,5-trimethylbenzene as the internal standard.
General Procedure for the Pd-Catalyzed Allylation of Benzaldehyde in Ionic Liquids
A mixture of allyl acetate (108 µL, 1.0 mmol), benzaldehyde (51 µL, 0.5 mmol), indium(I) iodide (424 mg, 1.0 mmol), and Pd(PPh 3 ) 4 (29 mg, 0.025 mmol) was stirred in ionic liquid (1.0 mL) at room temperature for 24 h. Dilute hydrochloric acid (1 M) was added to the reaction mixture and the product was extracted with diethyl ether. The organic layer was washed with saturated NaHCO 3 , water, and brine, and dried over Na 2 SO 4 . The yield of 1-phenyl-3-buten-1-ol (1) was determined by 1 H NMR analysis using 1,3,5-trimethylbenzene as the internal standard.
General Procedure for the Crotylation of Benzaldehyde in Ionic Liquids
A mixture of crotyl bromide (81 µL, 0.8 mmol), benzaldehyde (51 µL, 0.50 mmol), and indium (58 mg, 0.50 mmol) was stirred in ionic liquid (1.0 mL) at room temperature for 1 h. Dilute hydrochloric acid (1 M) was added to the reaction mixture and the product was extracted with diethyl ether. The organic layer was washed with saturated NaHCO 3 , water, and brine, and dried over Na 2 SO 4 . The yield of 2 was determined by 1 H-NMR analysis using 1,3,5-trimethylbenzene as the internal standard. Dilute hydrochloric acid (1 M) was added to the reaction mixture and the product was extracted with diethyl ether. The organic layer was washed with saturated NaHCO 3 , water, and brine, and dried over Na 2 SO 4 . The yield of 2 was determined by 1 H NMR analysis using 1,3,5-trimethylbenzene as the internal standard.
Crotylation of Benzaldehyde in the Presence of Additives
General Procedure for the Asymmetric Indium-Mediated Allylation of Benzaldehyde Using Cinchonidine
The reaction in entry 10 is described as a representative typical procedure. A mixture of allyl bromide (69 µL, 0.8 mmol), indium (58 mg, 0.50 mmol), and cinchonidine (147 mg, 0.50 mmol) was stirred in [bmim] [OTf] (1.0 mL) at room temperature for 3 h. To the resulting mixture a solution of benzaldehyde (25 µL, 0.25 mmol) in CH 2 Cl 2 (1 mL) was added and the mixture was stirred at −78 • C for another 15 h. The mixture was quenched with dilute hydrochloric acid (1 M, 2 mL) and the product extracted with diethyl ether. The organic layer was washed with saturated NaHCO 3 , water, and brine, and dried over Na 2 SO 4 . The solvent was removed under reduced pressure to give a slightly yellow oil. The yield of 1-phenyl-3-buten-1-ol (1) was determined by 1 H-NMR analysis using 1,3,5-trimethylbenzene as the internal standard (34%), and the ee for (R)-1 was determined by HPLC analysis (61%).
